Abstract: Wood ash has been widely used as an additive for excreta from dry compost toilets to sanitize it for reuse. However, there is dearth of quantitative information about its efficiency in sanitizing partially digested sludge from wet onsite sanitation systems. This paper presents findings of a series of two experimental studies to assess optimum wood ash dosages required to raise the pH of partially digested fecal sludge to sanitizing levels (pH > 11) in a tropical climate. The study monitored the variation of pH of the sludge containing between 0 (control) and 180 g of ash per litre of sludge. Average initial pH and total solids of the sludge were 7.79 and 72 g/L respectively. Generally, the magnitude and rapidity of pH spike was correlated with the ash dosage (r = 0.988) and was statistically significant (p = 0.0015; Fcrit = 2.3157) among all dosages. Drastic increase in pH (from 7.81 to 11.60 ± 0.07) was recorded in the first 24 h for ash dosages between 140 g/L and 180 g/L, whereas dosages below 140 g/L had pH values less than 10. The difference in variation of pH between the first 24 h and the successive 24 h was statistically significant (P(T ≤ t)two-tail = 0.00; tcrit = 2.09). On the average, 97% of the overall pH increment within a 48-h monitoring period occurred in the first 24 h for the 140-180 g/L ash dosages. The optimum ash dosages are 7-15 times higher than reported lime dosages but ash provides a cheaper alternative than lime for recycling plant nutrients. Further studies on pathogen inactivation efficiency are ongoing.
Introduction
The use of human excreta to support plant growth has been a long tradition in many parts of the world in a bid to close the nutrient loop [1] [2] [3] . Interest in this practice is growing all over the world and fecal sludge treatment technologies which produce reusable compost material from human excreta are therefore being promoted following the principles of environmental sustainability [4] [5] [6] . These technologies are among others, expected to remove completely or reduce to the barest minimum the wide range and numerous microbial pathogens present in human excreta to pre-empt the potential health and environmental effects [7] . The World Health Organization recommends a pathogen reduction of 8-9 log units in excreta before being used as a soil conditioner for agricultural purposes [8] . Available literature [9] [10] [11] [12] indicate that pathogen destruction in human excreta can be achieved by a host of technologies including ammonia treatment, irradiation, dewatering, mesophilic or thermophilic anaerobic digestion, membrane filtration and a combination of these methods. The efficiency of pathogen removal for these technologies has been well documented [12] [13] [14] [15] [16] [17] .
Another sanitization method; alkaline treatment, which involves the addition of an alkaline material such as lime or ash has been demonstrated in several empirical studies to be effective in inactivation of pathogens in human excreta. The alkaline material increases the pH to sanitizing levels (generally above 11) where pathogens are destroyed [11] . Likewise, temperature, moisture content and UV light have also been linked to pathogen reduction in excreta [8, 18] . In an experimental study to determine the effectiveness of lime on fecal sludge pH variation, it was shown that, the addition of 4% and 6%-10% of quicklime (CaO) to fecal sludge can maintain the pH of the resulting mixture above 12 for 20-60 days and three months, respectively [19] . Apart from increasing the pH to sanitizing levels, the addition of quicklime increases the temperature to 70 °C which causes pathogen destruction [19] . Similar findings are also reported by Kazama and Otaki [20] who demonstrated that, using CaO as an additive can increase pH to levels lethal to bacteria and viruses. Another related study in Iran, which assessed the microbial quality of sewage sludge with varying amounts of lime, also revealed that the addition of 12.3 g of lime to 1 L of sludge with an initial pH of 6.6 increased the pH to 12.5 and maintained it for five days [21] . Conversely, a 9.8 g/L dosage raised the pH of the sludge to 11.4 within 2 h but reduced to 9.3 after five days. Boost and Poon [22] also investigated the combined effect of pulverized fuel ash (PFA) and CaO on faecal sludge. They demonstrated that a mixture of 60% sludge (600 g/kg): 40% CaO/PFA (44.44 g/kg/355.56 g/kg) can maintain the pH of sludge above 11 for at least 7 days and limit bacterial growth as well.
Wood ash has also been reported in research studies in China, Vietnam, South Africa, El Savador, Guatemala, and other countries to be effective in raising the pH of feces to sanitizing levels resulting in the inactivation of pathogens [8, 23, 24] . All these studies were however limited to raw excreta from dry onsite sanitation systems (Urine Diverting Dry Toilet) and failed to investigate the rate of pH change with time upon addition of varying quantities of wood ash. Information on the optimum quantity of ash required to increase the pH of fecal sludge from wet onsite sanitation systems to sanitizing levels therefore remains unknown although that of lime has been severally reported in literature. In most urban communities in Ghana where wet sanitation systems are common, as in other Sub-Saharan countries, the fecal sludge from these systems is mainly disposed of untreated into nearby storm drains or water courses raising public health concerns [25] [26] [27] . Only few treatment systems exist countrywide and are mainly detention ponds, which discharge their effluents into adjoining waterbodies although the sludge can be sanitized and reused for agricultural purposes [28] .
We report findings of an experimental study in which fecal sludge from a wet onsite sanitation system in an urban community in Ghana was dosed with varying amounts of wood ash (a waste material requiring disposal) to determine the optimum dosage required to increase the pH to sanitizing levels reported in literature (pH > 11). The rate of change of pH with time was also monitored to determine the rapidity with which the sanitizing level can be reached. This study is intended to contribute to efforts aimed at developing simple technologies or retrofitting existing ones to generate reusable compost from the huge tons of fecal sludge produced daily in urban communities in Ghana. The process is being investigated further to determine die-off rate of pathogens in fecal sludge upon addition of varying quantities of wood ash.
Experimental Section
A sample of raw fecal sludge from a septic tank was taken from the Dompoase Landfill and Wastewater Treatment Site in the Kumasi Metropolis and transferred to the Environmental Quality Engineering Laboratory, Kwame Nkrumah University of Science and Technology, Kumasi, Ghana. The average pH and total solids of the sludge were determined at the laboratory. pH was determined using a pH meter by inserting its probe into the mixture and recording the final stable pH value whilst total solids was measured according to the Standard Methods for the Examination of Water and Wastewater, Section 2540 B [29] .
Five out of 6 plastic containers each containing 3 L of the fecal sludge samples were dosed with varying amounts of wood ash and mixed thoroughly. One of the plastic containers was used as a control, and therefore no ash was added to it. All the containers were left under a shed without covering them since covering with a lid could cause accumulation of heat, which will affect pH. The quantity of ash added to the five plastic containers represented 1%, 5%, 10% and 15% and 20% of the total solids volume respectively. The pH of these samples were recorded daily for 16 days, after stirring them thoroughly each time. This was done to ensure uniform dispersion of ash in the fecal sludge. Single factor ANOVA was conducted to determine the statistical significance of the association between pH of fecal sludge and the dosage of wood ash in the fecal sludge. This initial study was conducted in the month of April where average daily temperatures are known to be between a minimum of 22.3 °C and a maximum of 32.5 °C .
The results of the initial set-up informed the design of a second phase of the study in which the wood ash proportions were increased. This was conducted in the month of May which has average daily temperatures of 22.7 °C and 31.9 °C. This time, the dosage was dependent on the volume of sludge sample used instead of the total solids. Therefore, 20 out of 21 plastic containers, containing 1 L of fecal sludge each was dosed with relatively higher quantities of wood ash than before (ranging between 1 g/L to 180 g/L) in a bid to determine the optimum dosage that would contribute to the most rapid pH increase to 11 or above. The remaining plastic container with 1 L of fecal sludge served as the control and therefore no ash was added. Again, all the containers were left under a shed without covering them. The pH of the sludge in all the containers were measured following thorough stirring in 24 h intervals to determine the rate of change of pH with time in each of the containers. Monitoring of pH was conducted on a 24-h basis for two consecutive times to determine the rate of change of pH with time based on the varying quantities of wood ash. T-test was conducted at 5% significance level to determine the statistical significance of the pH change with time for fecal sludge with dosages between 140 and 180 g/L.
Results and Discussion
The faecal sludge used in this study had an initial pH of 7.79 and total solids of 72 g/L. Upon addition of varying amounts of ash, the pH increased sharply within the first 24 h. The pattern of pH variation was similar to the control which had no ash added to the fecal sludge although it had the least increments in pH and the highest reduction in pH (Figure 1a) . The increase in pH in the first 24 h was generally higher for those with higher ash dosages, particularly for the 20% Ash/TS dosage. However, this subsequently reduced after 24 h but the reduction was also lower for the sample with the highest ash dosage. This pattern is in line with other similar studies where a drastic increase in pH was recorded in the first few hours but was followed by a reduction in pH [20] . The alkaline nature of ash (pH: 9-13.5) [30] [31] [32] [33] caused the increase in pH within the first 24 h. However, this pH is not sufficient to kill off the pathogens present. Respiration of the microorganisms present in the sludge, according to Warts [34] , produces carbon dioxide, which eventually increases carbonic acid concentration thereby causing the pH to plummet. Moreover, the reduction in pH can be attributed to ammonia volitalization because the containers were kept opened. Per available studies [35, 36] , desorption of ammonia from wastewater occurs at high pH when the wastewater comes into contact with large amounts of air and eventually results in a decrease in pH. The pH of all the mixtures for the 16-day monitoring period ranged between a minimum of 7.8 and a maximum of 8.38 ( Figure 1a) . None of the mixtures reached the target pH of 11 or above, even after 16 days (Figure 1b) . Raising the pH of fecal sludge above 11 is very crucial since at that level, pathogen survival rate, microbial reactions and time for inactivation of pathogens are significantly reduced [22, 37, 38] . Although the target pH was not reached, it can be observed from the pattern of variation that the mixture with the highest proportion of ash in the sludge consistently recorded the highest pH (Figure 1a) .
The mean pH values shown in Figure 2 represent the average pH of each of the ash/fecal sludge mixtures over the 16-day study period (n = 16): 0%, 1%, 5%, 10% and 15% and 20% ash/ TS of fecal sludge. The error bars also represent the standard deviation of the pH values over the study period. Regarding overall variation for the 16-day monitoring period, the results show that the highest dosage of ash (20% ash/TS) had the highest average pH and the highest standard deviation (8.01 ± 0.11). Conversely, the least variation in pH about the mean was recorded in sludge samples with lower concentrations of ash (1% ash/TS and 5% ash/TS) and in the control. A higher standard deviation indicates a wider variation from the mean value while a smaller standard deviation shows a smaller variation from the mean. This shows that a higher ash dosage causes a higher variation in pH from the mean pH value. Generally, the variation of pH in all the mixtures over the 16-day observation period was statistically significant (p = 0.0015; Fcrit = 2.3157). The quantity of ash added, therefore, has a very strong positive correlation (r = 0.988) with the resulting pH in the mixture (Figure 2) . A higher wood ash dosage resulted in a higher pH and corroborates findings by Pescon et al. [37] . This outcome informed the development of a follow-up experimental set up where the ash proportions were increased whilst the volume of sludge was reduced. Results of the second phase experiment confirmed those of the first phase: the quantities of ash added to the fecal sludge were shown to have a significant influence on the rapidity and magnitude of increase in pH. Whilst ash dosages between 1 g/L and 130 g/L caused marginal incremental change in pH after 48 h, dosages of 140 g/L and above were associated with significant changes in pH, particularly in the first 24 h (Figure 3) . Meanwhile, in the control experiment, the changes in pH during the monitoring period were insignificant and rather reduced after the first 24 h. The target pH of 11 was exceeded within 24 h in mixtures containing between 140 g/L and 180g/L (Figure 3) . The change in pH (ΔpH) was drastic in the first 24 h in all the mixtures but decreased in the subsequent 24 h. When the overall pH increase within the 48-h period is disaggregated for each mixture of ash and fecal sludge, it is observed that the variation of pH for the first 24 h and the successive 24 h was statistically significant (P(T ≤ t)two tail = 0.00; tcrit = 2.09). Additionally, although Target pH ash dosages between 140 g/L and 180 g/L all caused the highest ΔpH within the 48-h period, the increments caused by these dosages during the first 24 h were higher than the subsequent 24 h. Average ΔpH during the first 24 h was 3.79 ± 0.07 while the average ΔpH in the subsequent 24 h was 0.19 ± 0.06. This indicates a consistent pH variation pattern in the first 24 h for these dosages and could indicate that any dosage within 140-180 g/L would cause a similar increase in pH particularly in the first 24 h.
A significant proportion of the overall ΔpH occurs in the first 24 h upon addition of ash to the faecal sludge. In general, an average of 85% of the overall ΔpH occurs within this time period for all the mixtures except the control. Particularly for ash dosages between 140 g/L and 180 g/L, an average of 97% of the overall ΔpH occurred in the first 24 h.
The findings of this study are comparable with that of Bina et al. [21] , as shown in Table 1 and suggest that, compared to lime, relatively higher quantity of ash is required to raise the pH of fecal sludge to sanitizing levels within the first 24 h. Ash dosages required to raise the pH to 11 and above are about 7 to 15 times higher than lime dosages reported by Bina et al. [21] . Inactivation of pathogens at pH levels above 11 has been shown to be more significant during the first 24 h as per the findings of Bina et al. [21] . Specifically, for helminth eggs, the minimum exposure times reportedly range between 2 h and more than 180 days in order to achieve more than 90% inactivation of the helminth eggs [35] . This is however dependent on the type of alkaline agent, dosage and temperature. The study findings underscores the potential of ash as an alternative additive for increasing pH of fecal sludge to sanitizing levels although further studies are required to accentuate the pathogen reduction efficiency. Given that ash from burning of wood products generates another waste, which requires disposal, utilizing ash as an additive for sanitizing fecal sludge can provide a cheaper alternative than lime and concurrently provide a means of disposal for wood ash. In Ghana, lime is sold in 25 kg bags for approximately GH¢39 (US$10) but wood ash is free and requires only collection. Large quantities of ash can be collected for free from bakeries, restaurants and public eating places where wood is used as fuel.
Conclusions
It is concluded that application of wood ash to fecal sludge can, similar to lime, increase pH to sanitizing levels. This however requires that optimum amounts be added to ensure that there can be sufficient increase in pH. A very strong positive correlation (r = 0.988) between ash dosage and increases in pH was observed and this association was statistically significant (p = 0.0015; Fcrit = 2.3157). For ash/fecal sludge mixtures between 1 and 180 g/L, a larger proportion (85%) of the overall pH increment occurs in the first 24 h. The difference in variation of pH between the first 24 h and the successive 24 h was statistically significant (P(T ≤ t)two tail = 0.00; tcrit = 2.09). Overall, the most promising dosage range was 140-180 g of ash per litre of fecal sludge. This dosage range causes a significant and consistent increase in pH from an almost neutral pH of 7.81 to an average of 11.60 ± 0.07 in just 24 h. Additionally, within this dosage range, an average of 97% of the overall increase in pH occurs in the first 24 h. Compared to lime, the study points out that, relatively higher quantities of ash dosage (about 7 to 15 times higher dosage) is required to raise the pH of fecal sludge to sanitizing levels within the first 24 h. The study findings indicate that wood ash can also be efficient for increasing fecal sludge pH to sanitizing levels although further studies on the pathogen reduction efficiency are needed. Utilizing wood ash for such a purpose instead of direct disposal into landfills would help in the production of a usable soil conditioner to support agricultural purposes. Further studies are underway to assess the pathogen inactivation efficiency considering other inactivation factors, such as desiccation and temperature.
